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Introduction
The Rio Rico and Nogales (Arizona) 1:24,000-scale quadrangles are located in the Basin and Range Province of southern Arizona, and the southern edge of the map is the international border with Sonora, Mexico (figs. 1 and 2). The major urban area is Nogales, a binational city known as "the gateway to Mexico." Rocks exposed in the map area range in age from Jurassic through Quaternary ( fig. 3 ). Major physiographic, geologic, and hydrologic features in the map area include the southern San Cayetano Mountains, Grosvenor Hills, and Sonoita Creek in the northern part, and Mount Benedict and the Mount Benedict horst block in the southcentral part (figs. 1 and 2). The horst block is bounded by the Santa Cruz River on the east and Nogales Wash (tributary to the Santa Cruz River) on the west.
The objectives of our mapping were to define the geologic framework for the Nogales area and the upper Santa Cruz basin ( fig. 2) (Callegary and others, 2011; Page and others, 2011) , to support ongoing multidisciplinary projects. These projects include the U.S. Geological Survey (USGS) Tucson Water Science Center Transboundary Aquifer Act Project (hydrologic and climatic modeling and water quality and quantity studies of the upper Santa Cruz basin); the United States-Mexico Border Environmental Health Initiative (evaluating contaminants in the basin and impacts to human and wildlife health); and the assessment of concealed porphyry copper deposits in the region. This work will also provide fundamental data used for flood hazard and water storage investigations in the Nogales Wash and Santa Cruz River areas, and in efforts to detect and predict the location of illegal tunnels beneath the international border. We significantly revised the Miocene Nogales Formation based on geologic mapping combined with new geochronologic, geophysical, and hydrogeologic studies. The Nogales Formation is poorly understood because it has not been mapped in detail, and in turn, its groundwater resource potential is poorly known. This new work will improve understanding of the Nogales Formation to more fully assess its groundwater resource potential (Gray and others, 2014) . C a n y o n Y e r b a B u e n a C a n y o n C a n y o n P r o t o E p h r a i m C a n y o n M a r i p o s a C a n y o n P o t r e r o C a n y o n A g u a F r i a C a n y o n J o s e p h in e C a n y o n W a lk e r C a n y o n P e ñ a B l a n c a C a n y o n Cottonwood Canyon Mariposa member-Moderately to weakly consolidated calcareous, volcaniclastic sandstone and conglomerate, siltstone, claystone, basalt flows dated at 11.67 Ma; 300-350 m thick Alluvium-Poorly to moderately bedded, unconsolidated to weakly consolidated, poorly sorted, interstratified sandy gravel and gravelly sand, deposited in major and tributary drainages and in piedmont alluvial fans; generally 3 to 4 m thick Basin-fill deposits-Moderately to poorly bedded, weakly consolidated, interstratified gravelly sand to sandy gravel; generally ≤100 m thick Nogales Wash member-Moderately consolidated volcaniclastic sandstone and conglomerate, abundant pumice fragments, pervasively fractured; basal 20-30 m of member forms massive cliffs; 50-150 m thick Proto Canyon member-Moderately to weakly consolidated volcaniclastic conglomerate and sandstone, arkosic sandy and clayey conglomerate, and gravelly claystone; includes basal debris-flow conglomerate which grades upward into arkose conglomerate and sandstone; maximum thickness about 450 m Upper rhyodacite member-Rhyodacite and rhyolite tuff, agglomerate, flow breccia, and latite; rhyolite tuff samples dated at 24. Most previous geologic mapping within the Rio Rico-Nogales area could not be used in the compilation of Quaternary surficial deposits, because these published maps do not define Quaternary units in sufficient levels of detail or coverage. Thus, the surficial geology in the map area was compiled from interpretation of stereoscopic pairs of 1996 NAPP color-infrared aerial photography (1:40,000-scale), 2010 NAIP orthophotography, imagery viewed with Google Earth, topographic data, and digital soils data (U.S. Department of Agriculture Natural Resources Conservation Service, 2008), using previous mapping in adjacent areas by Youberg and Helmick (2001) and Helmick (1986) as a guide. The surficial geology was digitally mapped on the NAIP imagery using ArcMap GIS software. Interpretive mapping was constrained by, and unit description and age estimates are based on data collected at GPS-located field stations along a series of traverses. Terrace heights were estimated from 1:24,000-scale topographic maps, Digital Elevation Model (DEM) data, and for lower (younger) units, local field measurements.
Surficial units are classified and mapped on the basis of both their genesis and relative age. These units are primarily alluvial in origin and were deposited either by axial streams and their major tributaries or by distributed, shallow, channel systems on piedmont alluvial fans, which also include sediment deposited by debris flows. Age estimates for the deposits are based primarily on age-related physical characteristics that change progressively with time. Chief among these are preservation of original depositional form or microtopography (for example, bar-and-swale morphology), development of desert pavement, degree of varnish development and amount of physical weathering of clasts (Bull, 1991) , and the degree of soil development. The latter includes depth and degree of alteration of surficial deposits (parent materials), accumulation of secondary materials (such as eolian silt, illuvial clay, and (or) carbonate), and soil horizon morphology (Birkeland, 1999) . The relative heights of stream-terrace and tributary-fan deposits provide an additional constraint on age estimates, because progressive and persistent dissection of major and tributary drainage systems, punctuated by periodic depositional events, produces a series of deposits where progressively younger deposits are inset within and topographically lower than older deposits. No radiometric ages have been obtained for Pliocene or Quaternary deposits in the map area. Thus general age designations for these units are based on correlations with chronosequences developed in adjacent mapped areas (Helmick, 1986; Pearthree and Biggs, 1999; Pearthree and Youberg, 2000; Youberg and Helmick, 2001; Lindsey and Van Gosen, 2010) .
(Division of Pliocene-Quaternary time used in this report is from Cohen and others [2014] 
DESCRIPTION OF MAP UNITS ALLUVIAL AND BASIN-FILL DEPOSITS
Qycr
Active river-channel deposits (latest Holocene)-Modern river channel deposits of Youberg and Helmick (2001) . Alluvium transported and deposited by discrete channel systems during the past several years to decades. Unit mapped mostly along sections of the Santa Cruz River, Nogales Wash, and Sonoita Creek ( fig. 1 ). Channels are anastomosing to braided systems of small subchannels and low bars (local relief as much as 1−2 m) within a larger discrete meandering channel belt up to tens of meters wide. In urbanized areas of Nogales, from the diversion tunnel north of the international border to the Mariposa Canyon area, channel of Nogales Wash is artificially restrained within concrete abutments. Deposits are composed of unconsolidated, poorly to moderately sorted, weakly to moderately bedded, and interstratified silt, fine to coarse sand, and pebble-cobble-, and locally small-boulder gravel. Clasts rounded to subangular. No discernible modification of original depositional surfaces. No soil development other than very thin (≤1−2 cm) surface crusts composed of silt and very fine sand in channel reaches that have not had recent flows. Most reaches currently experience discontinuous, intermittent to ephemeral flow, with the exception of Nogales Wash and nearby downstream reaches of the Santa Cruz River that receive limited perennial artificial recharge from south of the international border at Nogales. Many channels locally contain significant sparse to dense growths of riparian vegetation. Most large channels are prone to moderate to extreme flow discharges during prolonged and (or) intense precipitation events. Larger flooding episodes commonly are associated with major sediment transport, deposition, and local erosion within channels and adjacent lowland areas. Main channel system generally incised 1−5 m below lowest river terraces of units Qyr2 and Qyr1. Much of the most recent valley incision is related to pronounced arroyo incision that initiated in the late 1880s along all major drainages in the region (Betancourt, 1990; Wood and others, 1999) . Estimated thickness 1−3 m Qyr2
Young river floodplain and terrace deposits (late Holocene)-Part of Holocene floodplain and terrace deposits of Youberg and Helmick (2001) . Alluvial deposits associated with floodplain and lowest-level river terraces flanking main channels on valley floors of major drainages. Surfaces occasionally flooded. Mapped mostly along sections of the Santa Cruz River, Nogales Wash, and Sonoita Creek. Locally includes active channel deposits too narrow to map separately. Unit associated with flat to gently undulating (local relief generally <50 cm), low floodplain surfaces, many abandoned after post-1880s arroyo cutting, and one or more higher terraces within heights of 1 to 2 m above adjacent active channels. Deposits are composed of unconsolidated, poorly to moderately sorted, poorly to moderately bedded, and interstratified sand, silt, and pebble-, cobble-, and locally small-boulder gravel, with a larger percentage of fine-grained components in the upper part of the unit. Clasts rounded to subangular. Surfaces typically extensive and undissected. Original depositional surfaces artificially altered to varying degrees by agricultural development or urbanization, but display little to no natural surface modification. Soil development weak and restricted to the accumulation of fine silt and sand at shallow depths. Estimated thickness 1−3 m Qyr1
Young river terrace deposits (Holocene)-Part of Holocene floodplain and terrace deposits of Youberg and Helmick (2001) . Alluvial deposits associated with low-level river terraces on valley floors of major drainages. Surfaces have not received discharge or alluvial sediment in the past several decades to millennium. Mapped primarily along the Santa Cruz River, Nogales Wash, and Sonoita Creek. Locally includes active channel deposits too narrow to map separately. Unit associated with terrace surfaces about 2-5 m above adjacent active channels and 1-3 m above lower Qyr2 terraces. Deposits are composed of weakly consolidated, poorly to moderately sorted, poorly bedded, and interstratified silt, sand, and pebble to cobble gravel. Clasts rounded to subangular. Original depositional surfaces artificially altered by agricultural development or urbanization. Natural surface modification limited to some smoothing of original depositional surfaces and development of light varnish on surface clasts. Incipient to weak soil development to depths of 1−1.5 m. Soils on the highest (oldest) terraces characterized by A or Av, Bw, and Bk horizons with stage I carbonate morphology. Estimated thickness 1−3 m Qy Young alluvial deposits, undivided (Holocene)-Undifferentiated Holocene alluvium of Youberg and Helmick (2001) . Deposits associated with channels, adjacent floodplains, low terraces, and small alluvial fans along tributaries to major drainages. Locally includes deposits forming narrow alluvial plains at the toe of piedmont slopes along the Santa Cruz River valley margin. Most surfaces are 0.5 to 3 m above active local channels. Lower surfaces rarely to occasionally flooded within decadal to millennial time scales by high-discharge runoff during extreme precipitation events, whereas higher surfaces are rarely if ever inundated. Deposits are composed of unconsolidated to very weakly consolidated, poorly to moderately sorted, poorly bedded, and interstratified sand, silt, and pebble to cobble gravel, with an increase in fine-grained sediment near the top of the unit. Locally contains a few scattered small boulders. ; about 30 to 40 m of unit is exposed, but total thickness may be 60 m or more. Claystone is weakly consolidated and has some sandstone and conglomeratic sandstone interbeds. Claystone is calcareous, and some beds contain white, rounded pumice fragments, and angular quartz and biotite grains. Claystone unit gradational with overlying sandstone and conglomerate. In basin south of Sonoita Creek and east of Santa Cruz River, member contains units like those in urban Nogales, but conglomerate and sandstone is less coarse, and units represent a finer-grained facies, consisting of alternating beds of fine-grained, volcaniclastic sandstone, siltstone, and claystone. Exposed claystone beds are grayish-orange-pink, poorly sorted, calcareous, and sandy to gravelly like those in urban Nogales, but are generally thinner, and range from 0.5 to 3 m thick. Along the international border in the southeastern part of the map, only lower part of Mariposa member is exposed and consists of grayish-orange, volcaniclastic, pebble conglomerate with mostly subangular, light-brownish-gray porphyritic volcanic clasts, and some fine to medium grained, subangular to subrounded, volcaniclastic sandstone containing mostly porphyritic biotite-and hornblende-bearing rocks. In this area, member contains thin discontinuous, medium dark gray, olivine basalt flows (indicated by stipple pattern). Basalt flows are 3 to 5 m thick, and have a 40 Ar/ 39 Ar age of 11.67±0.09 Ma (Cosca and others, 2013 ; table 1). Member is generally disconformable with overlying unit QTa, and is exposed in scattered isolated outcrops where it is about 80-100 m thick, but maximum thickness is estimated to be 350 m in deeper basins Tnn Nogales Wash member-Only exposed in southern part of map area in urban Nogales, Arizona area, south of Mariposa Road, and along the international border from Ephraim Canyon to about 4 km east of Grand Avenue. Member is mostly moderately consolidated, pinkish-gray, yellowish-gray, and grayish-orange-pink, alternating thin-to thick-bedded, fine-to coarse-grained volcaniclastic sandstone, conglomeratic sandstone, and minor siltstone and claystone; grains are poorly to moderately sorted, subangular to subrounded, and are composed of pumice fragments, quartz, plagioclase, biotite, hornblende, biotite-and hornblende-bearing por-phyritic volcanic grains, and minor chert, microcline, spherulite fragments, and altered volcanic glass. Beds typically contain tabular planar crossbeds, and few show mudcracks, bioturbation, and leaf impressions. Unit locally contains fining-upward sequences of conglomeratic sandstone at the base, medium-grained sandstone in the middle, and fine-grained sandstone and siltstone at top. The basal 20 to 30 m forms distinctive massive cliffs composed of pinkish-gray, moderately well consolidated volcaniclastic sandstone and conglomeratic sandstone, with abundant pumice fragments. Member is pervasively fractured in most places in map area, and is disconformable with overlying Mariposa member. Thickness estimated at about 50 to 150 m Tnp Proto Canyon member-Upper part consists mostly of thin-bedded, moderately consolidated, poorly sorted, fine-to coarse-grained, yellowish-gray to pinkish-gray volcaniclastic sandstone and conglomerate, with subangular to subrounded grains of quartz (some coarser grains polymictic), plagioclase, biotite, hornblende, pumice, porphyritic biotite-and plagioclase-bearing volcanic grains, and altered volcanic glass. Some beds show trough crossbedding, and contain monzonite cobble to pebble lag gravel in channels. Middle parts of the member consist of alternating beds of yellowish-gray, poorly sorted, volcaniclastic sandstone and conglomerate; pale-red sandy and gravelly claystone; and pale-red clayey and sandy arkosic conglomerate that contains poorly sorted, subangular clasts of monzonite. Below middle part of unit and above the basal conglomerate are cyclic, fining-upward fluvial sequences; cycles generally consist of (from base to top) pinkishgray monzonite clast conglomerate, massive gray-weathering volcaniclastic conglomeratic sandstone, and white horizontally bedded pumice-rich siltstone; sequences also contain some debris-flow conglomerate beds. The cyclic sequences form massive cliffs in the Proto Canyon area south of State Highway 82. Basal conglomerate consists mostly of grayish-red, clast-supported monzonite boulder, cobble and pebble debrisflow conglomerate which grades upward into pale-reddish-brown, weakly consolidated arkose sandstone and conglomerate with monzonite boulders, cobbles, and pebbles. North of State Highway 82, member includes dacite dikes (Tnpd) intruding unnamed north-northeast striking fault cutting arkose conglomerate units in lower part of the Proto Canyon member. Dacite is greenish-gray to light-olive-gray, and consists mostly of phenocrysts and granular clots of plagioclase, and lesser amounts of amphibole, biotite, pyroxene, and some quartz and feldspar inclusions; dikes 1 to 2 m thick. In the Sonoita Creek area, the Proto Canyon member consists of upper and lower parts; upper part is mostly thin-bedded, fine-grained, moderately sorted, volcaniclastic sandstone and conglomeratic sandstone which weathers to form distinctive rounded ledges. Lower part is volcaniclastic conglomerate and sandstone with cobbles, pebbles, and grains primarily of subangular white and red porphyritic volcanic rocks, rhyodacitic to rhyolitic tuff, pumice, and some basal debris-flow conglomerate eroded mostly from the upper rhyodacite member of the Grosvenor Hills Volcanics. Proto Canyon member is unconformably overlain by the Nogales Wash member, and by the Mariposa member where the Nogales Wash member is absent. Member thickness variable, but maximum thickness about 450 m
Bedrock Units
Grosvenor Hills Volcanics (Oligocene)-Descriptions from Simons (1974) and Drewes (1972) . Consists of rhyolite member, rhyodacite and rhyolite intrusive rocks (Tr), and rhyodacite members of Drewes (1972); basal silt and clay member of Drewes (1972) not exposed in map area; combined thickness for the unit about 175 m thick in map area (Drewes, 1972) Tghu
Upper rhyodacite member-Dark gray to dark brown, rhyodacite agglomerate, grayish-red, brownish-gray, and light-gray, coarse-grained porphyritic biotite-hornblende rhyodacitic tuff, rhyolite tuff, flow breccia, tuff breccia, and biotite latite tuff. In western part of southern Grosvenor Hills, upper part is brownish-gray coarse-grained porphyritic biotite rhyodacitic agglomerate with blocks up to 1 m across. In Fresno Canyon area ( fig. 1 and sheet 1), unit consists of tuff breccia, flow breccia, and some gray to grayish red hornblendehypersthene-biotite vitrophyre. 40 Ar/ 39 Ar geochronology on a rhyolite tuff (sample 12SCB03, table 1) yielded ages ranging from 24.4 to 23.5 Ma on sanidine single-grain laser fusion analyses, and a plateau age of age of 24.1±0.5 Ma (Cosca and others, 2013;  (Cosca and others, 2013;  
Stratigraphy Jurassic
The oldest rocks exposed in the quadrangle include the Quartz Monzonite of Mount Benedict of Late to Middle Jurassic age (160±19 Ma and 164±19 Ma; Simons, 1974) . These rocks are highly deformed and are intruded by numerous diorite and diabase dikes (Simons, 1974) . The dikes are mostly northwest striking and southwest dipping, and although most are a few meters thick, some are as much as 60 m thick. We follow Simons (1974) , and subdivided the formation into two units; biotite hornblende quartz monzonite (Jb), the younger unit, and quartz monzonite (Jbm), the older unit. These rocks form a confining unit below the Miocene Nogales Formation and Quaternary to Tertiary basin-fill surficial deposits.
Upper Cretaceous
The lower part of the Upper Cretaceous Salero Formation unconformably overlies the Quartz Monzonite of Mount Benedict along the Santa Cruz River southeast of Sonoita Creek and northwest of Guevavi Canyon (sheet 1 and fig. 1 ). Most of the unit in that area consists of thick-bedded, wellconsolidated conglomerate and sandstone, with clasts of silicic volcanic rocks and some granite. The Salero Formation forms the high ridge of the San Cayetano Mountains on the north edge of the map, where it is greater than 400 m thick, and consists mainly of light-brown conglomerate and sandstone, green and gray argillite and sandstone, and pale red quartzite and conglomerate. These rocks are intruded by abundant west-to northwest-trending, reddish-gray latite dikes and plugs of Tertiary age. Drewes (1968) reported a K-Ar age of 72.5±2.2 Ma (biotite) from a welded tuff in the Santa Rita Mountains, about 10 km north of the map area, and Hayes (1970) reported that this K-Ar date combined with stratigraphic position indicates a late Campanian to earliest Maastrichtian age (about 72 to 69 Ma) for the formation.
Tertiary
Grosvenor Hills Volcanics
The Grosvenor Hills Volcanics (Drewes, 1968) are exposed north of Sonoita Creek and east of the San Cayetano Mountains, and consist mostly of pale red to pink rhyolite and rhyodacitic tuff, vitric lithic tuff, agglomerate, flow breccia, and latite. These rocks are well exposed north of the map area in the Grosvenor Hills, and age-equivalent rocks are exposed to the west in the Atascosa and Tumacacori Mountains, and to the south in the Nogales, Sonora area. Drewes (1968 Drewes ( , 1972 subdivided the Grosvenor Hills into a basal gravel and silt, a moderately thick middle rhyolite member, and an upper rhyodacite member. The basal member is not exposed in the map area. Drewes (1972, 1980) reported ages from 28 to 27 Ma for the Grosvenor Hills Volcanics, north of the map area in the Grosvenor Hills. Two samples collected from laccoliths intruding the rhyolite member had K-Ar ages (hornblende) of 27.8±2.8 Ma and 27.6 Ma. The Grosvenor Hills were interpreted to be underlain by a thick, subsurface intrusion, based on a corresponding 10 km-in-diameter, circular, positive magnetic anomaly (Gettings, 2002) . Drewes (1972) described the rhyolite member in the Grosvenor Hills to consist mostly of tuff and tuff breccia, with lesser amounts (about 5 percent each) of tuffaceous sandstone, agglomerate, lava flows, and welded tuff. Mapping by Drewes (1972) suggests these rocks were erupted from multiple vents. We collected samples from the rhyolite member of the Grosvenor Hills Volcanics in the map area north of Sonoita Creek (sheet 1). One sample from a rhyolitic to dacitic intrusive rock (sample 12SCB05, table 1) in the middle rhyolite member yielded ages of 27.8±0.3 Ma (amphibole) and 27.6±0.4 Ma (biotite) (Cosca and others, 2013;  fig. 4 ). Additional evidence supporting a younger age for the upper rhyodacite member includes numerous detrital sanidine and plagioclase grains with ages ranging from about 26 to 23 Ma in the overlying Proto Canyon and Nogales Wash members of the Nogales Formation ( fig. 4 ; samples 11SCB01, 11SCB02, 11SCB03, 11SCB08, and 11SCB09 from the Nogales Wash member, and sample 12SCB01 from the Proto Canyon member). Additional studies are needed to better determine the geochronologic, stratigraphic, genetic, and tectonic relations between the middle and upper members, and with the onlapping members of the Nogales Formation.
Nogales Formation
The Nogales Formation was named by Simons (1974) for exposures in Nogales, Arizona, and areas to the east and north. In the Nogales area, the formation overlies the Jurassic Quartz Monzonite of Mount Benedict, which was a local source area for sediments in the formation. Simons (1974) recognized correlative sediments in the Sonoita Creek area that overlie the Grosvenor Hills Volcanics, which were a local source for detrital material in sediments of the Nogales Formation in that area. Because of the different source terrains for the formation, many of the clastic units commonly contain mixtures of Oligocene volcanic rocks and Jurassic monzonite. Simons estimated a thickness of about 2,290 m for the entire Nogales Formation, but our new mapping indicates a maximum thickness of about 950 m for the formation in the Nogales, Arizona area.
Simons (1974) originally subdivided the Nogales Formation in the Nogales area into lower, middle, and upper members, which are generally equivalent with the Mariposa, Nogales Wash, and Proto Canyon members in this report. Simons (1974) mapped his lower member mostly south of Mount Benedict, and reported that it contained conglomerate, fanglomerate, volcaniclastic conglomerate, sandstone, and tuff; thickness of the lower member was estimated to be about 1,500 m. Simons (1974) mapped his middle and upper members east of Nogales, Arizona, south of State Highway 82, and west of the Santa Cruz River; he described the middle member to consist of about 150 m of volcaniclastic conglomerate and sandstone and white biotite-hornblende tuff, and his upper member to consist of about 610 m of volcanic conglomerate with clasts of plutonic and metasedimentary rocks. The upper member contains basalt flows dated at 11.67±0.09 Ma (Cosca and others, 2013) . In the basin south of Sonoita Creek and east of the Mount Benedict fault, Simons (1974) mapped undivided Nogales Formation, that mostly contained volcanic conglomerate and sandstone which locally overlies the Grosvenor Hills Volcanics. fig. 2 ), which he described as consisting mostly of gravel, conglomerate, and sand with abundant volcanic detritus. He described the unit as Miocene to Pliocene in age, and estimated its thickness to be slightly more than 300 m. Lindsey and Van Gosen (2005, 2010) mapped the Nogales Formation in the Josephine Canyon area ( fig. 2) , south of Cottonwood Canyon. Cooper (1973) mapped the Nogales Formation in the southern Sierrita Mountains ( fig. 2) , where he noted volcaniclastic units in the lower 30 m. Drewes (1980) mapped the Nogales Formation on the east flank of the Atascosa Mountains, in Agua Fria Canyon ( fig. 2) , where it was estimated to be about 800 m thick. In this area, the unit consists mostly of sandstone and conglomerate, with an ash-flow tuff near the base, and basalt flows in the middle and upper parts. Nelson (1963) mapped units of the Nogales Formation in the Walker and Peña Blanca Canyon areas ( fig. 2) , east of the Atascosa Mountains; he referred to these rocks as the "Peña Blanca Formation," which is about 110 m thick.
Revised Stratigraphy for Nogales Formation
New mapping for this report combined with geochronologic, geophysical, and hydrogeologic data, resulted in significant stratigraphic revision of the Nogales Formation as defined by Simons (1974) , and recognizes three informal members, including (from base to top) the Proto Canyon, Nogales Wash, and Mariposa members. Sediments in the Nogales Formation were deposited mostly by streams and debris flows on alluvial fans on the flanks of the upper Santa Cruz basin, and in playas in axial parts of the basin. The depositional basin extends from west of the Patagonia Mountains, south of the Grosvenor Hills, west of the San Cayetano and Santa Rita Mountains, and east of the Atascosa and Tumacacori Mountains ( fig. 2) , and the basin extends southward into Sonora, Mexico. Basin geometry in the Nogales and Rio Rico quadrangles during the Miocene was complex due to a highly irregular pre-Nogales Formation erosion surface developed on Jurassic and Cretaceous intrusive and sedimentary rocks which were deformed by episodes of Miocene basin and range extension, and older pre-Tertiary deformational events, most notably Cretaceous plutonism and faulting related to the Laramide orogeny (Simons, 1974) .
Within the map area, rocks of the Proto Canyon member represent initial deposits that accumulated in the southern part of the upper Santa Cruz basin, and were laid down across an area coincident with that of the modern day basin. During deposition of the Proto Canyon member, Mount Benedict ( fig. 1, sheet 1) was likely a paleotopographic high near the center of the basin, based on coarse debris-flow conglomerate at the base of the Proto Canyon member shed off the flanks of Mount Benedict. The Mount Benedict horst block ( fig. 1 ) likely stood topographically high in the basin owing to faulting during earlier stages of extension, or from some older pre-Tertiary deformational events, or both. The horst block likely experienced multiple stages of uplift during deposition of the Nogales Formation based on unconformities bounding each member of the formation, and onlapping relations between the Proto Canyon member and the Nogales Wash and Mariposa members.
Uplift of the Mount Benedict horst block occurred during and/or following deposition of the Proto Canyon member to expose basal debris-flow conglomerate of the formation within the horst block, and further compartmentalized the southern part of the Santa Cruz basin into two main subbasins; one west of the horst block and east of the Atascosa and Tumacacori Mountains, and another east of the horst block and Santa Cruz River, south of the Grosvenor Hills, and west of the Patagonia Mountains. The Proto Canyon member was deeply eroded following this uplift, based partly on (1) the high degree of weathering of abundant Jurassic monzonite clasts contained within thick, arkose units in lower and middle parts of the member, and (2) the onlapping relations of the Nogales Wash and Mariposa members onto Proto Canyon member units in the southeastern part of the map area ( fig. 5 and sheet 1) . Further faulting and uplift of the horst block continued throughout and following deposition of the Nogales Formation, based on the observation that all members are highly deformed, and major faults cut the very oldest part of post-Nogales Formation alluvial basin-fill deposits (unit QTa) overlying the formation. Strata in all members of the Nogales Formation are moderately to highly rotated, with dips ranging from 10° to 40°, and locally as much as 70° along major faults (sheet 1). The formation is locally folded in the southeast part of the map near the international border, and in the central part of the map area west of the Gold Hill fault ( fig. 1 and sheet 1) . Ar geochronology of the Nogales Formation (table 1) determined for this study generally supports these earlier geochronologic studies, and indicates the formation may be as old as early Miocene (about 20 to 18 Ma) and as young as early late Miocene (about 11 Ma). The minimum age limit of 11 Ma is based on a whole-rock age of 11.67±0.09 Ma ( fig. 6 ; table 1) (Cosca and others, 2013) , determined for a basalt in the Mariposa member, the upper member of the formation. Because the stratigraphic position of these basalts is in the lower part of the Mariposa member in the Nogales quadrangle, and to account for deposition of sediments in the upper part of the member, we estimated an overall minimum age of about 11 Ma for the formation. Although our new Ar plateau whole-rock ages of 13.64±0.11 Ma and 13.65±0.11 Ma (Cosca and others, 2013;  Ar fusion ages from the same area (Houser and others, 2004) .
The maximum age of about 20 to 18 Ma for the formation is based on the oldest age determinations for the formation in the upper Santa Cruz basin, in the Cottonwood Canyon area, where a sample collected in the basal 30 m of the formation yielded an age range between 17.38±0.77 Ma (whole rock) and 15.53±0.38 Ma (sanidine) (Houser and others, 2004 (Cosca and others, 2013) . The large sorted debris-flow conglomerate with subangular, monzonite boulders, cobbles, and pebbles, in a mostly sandy matrix ( fig. 9 ). Unlike most all other units in the Nogales Formation, the basal debris flow conglomerate and arkose units characteristically lack pumice and altered volcanic glass fragments, and consist almost entirely of monzonite detritus eroded from the Quartz Monzonite of Mount Benedict. The basal debris-flow conglomerate and arkose units are well exposed in the basin north of Proto Canyon and State Highway 82, and south of Mount Benedict. The thickness of the basal debris-flow conglomerate and arkose units combined is variable, but estimated at about 100 to 250 m thick. The lower units of the Proto Canyon member above the basal conglomerate and arkose units are exposed in Proto Canyon south of State Highway 82, where they consist of cliff-forming, fining-upward, cyclic fluvial sequences of volcaniclastic conglomerate at the base, volcaniclastic conglomeratic sandstone in the middle, and laminated white, water-lain pumice siltstone at the top (fig. 10) 
Proto Canyon Member
The lower member of the Nogales Wash Formation is herein informally named for exposures in Proto Canyon, in the southeastern part of the map area ( fig. 1, sheet 1) . South of Mount Benedict ( fig. 1) , the basal part of the Proto Canyon member consists of distinctive debris-flow conglomerate ( fig. 8 ) which grades upward into arkose conglomerate and sandstone ( fig. 9 ). The basal coarse debris-flow conglomerate consists entirely of monzonite clasts, is primarily clastsupported ( fig. 8) , and is well exposed near the contact with the Jurassic monzonite. These beds grade upward into distinctive weakly consolidated sequences of pale-reddish-brown arkose conglomerate and sandstone, with some beds of poorly of thin-bedded yellowish-gray volcaniclastic sandstone and conglomeratic sandstone, interbedded red and gray sandy claystone ( fig. 11) , and red arkosic, clayey and sandy conglomerate, best exposed in the Yerba Buena Canyon area ( fig. 1) . Claystone samples and clay-fraction samples from arkosic conglomerate in the area contain abundant kaolinite, formed primarily by the weathering of feldspar sourced from the Quartz Monzonite of Mount Benedict. This clay mineral assemblage is in contrast to those of most other claystones and clay-fraction samples from volcaniclastic sandstone in the formation, especially those in the Mariposa member, which contained greater amounts of smectite and illite, the zeolite clinoptilolite, and minor amounts to no kaolinite.
The upper part of the Proto Canyon member consists mainly of pinkish-gray to yellowish-gray, mostly poorly sorted, volcaniclastic sandstone and conglomerate (figs. 12 and 13) exposed in the Grand Avenue area, north of Mariposa Road. The sandstone and conglomerate beds in the upper part of the member are similar in appearance to clastic units in the Nogales Wash member of the Nogales Formation, but the Proto Canyon member units are generally thinner bedded and have abundant monzonite clasts, reflecting locally derived detritus from the Quartz Monzonite of Mount Benedict in the Mount Benedict horst block.
The thickness of the Proto Canyon member is highly variable, but maximum thickness is about 450 m. The variability in thickness is due to structural deformation combined with deep erosion of the member prior to deposition of the overlying Nogales Wash and Mariposa members. The Proto Canyon member is mostly exposed in the topographically high hills of the Mount Benedict horst block east of the Nogales urban area, and west of the Santa Cruz River, and from Proto Canyon southeastward to across the international border (sheet 1). Rocks of the Proto Canyon member are also exposed in northeast Nogales, Sonora; the northern extent of outcrop crosses into the U.S. just east of downtown Nogales, where it flanks Cretaceous diorite (map unit Kd) (sheet 1). Other exposures of the Proto Canyon member are in the Sonoita Creek area, where the member laps onto the Grosvenor Hills Volcanics. In this area, the lower part of the member is pinkish-gray, cliff-to ledge-forming, poorly sorted volcaniclastic conglomerate and sandstone containing clasts and grains composed of mostly white and red porphyritic volcanic rocks, brownish-gray rhyodacite ( fig. 14) , and some pumice and latite fig. 16 ), which locally display tabular-planar cross-bedding. Limitation of the member to the southern part of the map area, combined with onlapping relations with the lower Proto Canyon member, suggest the Nogales Wash sediments were deposited in a paleo-valley eroded into the Proto Canyon member, coincident with modernday Nogales Wash. derived from the Grosvenor Hills Volcanics. The upper part of the member is a sequence of mostly thin-bedded, fine-grained, moderately sorted, volcaniclastic sandstone and conglomeratic sandstone, which weathers to form distinctive rounded ledges.
Nogales Wash Member
The middle member of the Nogales Formation is herein informally named the Nogales Wash member, for exposures in the Nogales Wash area, south of Mariposa Road (sheet 1). The member is only present in the southern part of the map area, and outcrops extend from Ephraim Canyon on the west, to about 4 km east of Grand Avenue (sheet 1 and fig. 1 ). The member typically contains ledgy to massive cliff-forming, yellowishgray to pinkish-gray, volcaniclastic conglomerate and sandstone with abundant pumice fragments, and it generally lacks claystone beds unlike the other two members of the formation. Outcrops of the member are pervasively fractured in the map area. The Nogales Wash member is unconformable with the Proto Canyon member, and laps onto the latter member along State Highway 82, about 1.5 km northeast of Grand Avenue ( fig. 5; sheet 1) . The Nogales Wash member is about 30 to 80 m thick in scattered outcrops in the urban Nogales area, but it is estimated to be as much as 150 m thick, based on the subsurface projection of surface unit exposures shown in cross sections E-E′ and F-F′ (sheet 2). The basal 20 to 30 m of the member contains distinctive massive cliffs of yellowish-gray to pinkishgray, moderately consolidated volcaniclastic sandstone and conglomeratic sandstone ( fig. 15) . Most other parts of the member Figure 14 . Boulder of Proto Canyon member exposed in Sonoita Creek area where it laps onto the Grosvenor Hills Volcanics; unit in lower part of member and consists of volcaniclastic conglomerate with clasts mostly of white and red porphyritic volcanic rocks, and brownish-gray rhyodacite derived from the Grosvenor Hills Volcanics; boulder is about 0.5 m in diameter. It is unclear whether units equivalent to the Nogales Wash member are present in the subsurface in the northern part of the map area, either in (1) the basin west of Nogales Wash or (2) the basin south of Sonoita Creek and east of the Santa Cruz River. However, several map relations suggest the member may be absent in those basins. In the basin west of Nogales Wash, the northernmost outcrops of the Nogales Wash member are just south of Mariposa Road and east of Grand Avenue (sheet 1). These relations indicate the member onlaps the Proto Canyon member, and pinches out north of Mariposa Road, as it does to the east along Highway 82. In addition, south of Mariposa Road, the Mariposa member is faulted against the Nogales Wash member along the Grand Avenue fault, whereas north of Mariposa Road, the Mariposa member is faulted against the Proto Canyon member, indicating the Mariposa member directly overlies the Proto Canyon member in the subsurface, where the Nogales Wash member has pinched out. Map evidence indicating the Nogales Wash member is absent in the basin south of Sonoita Creek and east of the Santa Cruz River includes an angular unconformity between the Mariposa member and the Proto Canyon member just south of Sonoita Creek, and the Nogales Wash member is apparently absent. More subsurface information (drill hole data) and surface stratigraphic data are needed to further evaluate these preliminary conclusions.
Mariposa Member
The upper member of the Nogales Formation is herein informally named the Mariposa member, for outcrops north and south of Mariposa Road, between Interstate 19 and Grand Avenue (sheet 1). The member is also exposed in southeastern parts of the map area, and in the basin south of Sonoita Creek and east of the Santa Cruz River (sheet 1). The Mariposa member generally has more pinkish-red color tones compared to dominant yellowish-gray tones in the Nogales Wash member, is less consolidated than the Nogales Wash member, and is more calcareous than the other two members of the formation. North of Mariposa Road along Interstate 19, the member consists of alternating beds of pale-red to pinkish-gray, coarseto fine-grained, volcaniclastic conglomeratic sandstone, sandstone, and minor siltstone ( fig. 17) . South of Mariposa Road between Interstate 19 and Grand Avenue, a massive claystone unit ( fig. 18 ) likely represents playa deposits in an axial-basin facies of the member, based on its fine-grained character. X-ray diffraction analyses were conducted on several samples from this unit, and results indicated the claystone contained abundant mixed-layer smectite and illite, and varying amounts of the zeolite clinoptilolite. About 30 to 40 m of the claystone unit is exposed, but total thickness may be 60 m or more, indicating the unit may locally be a significant confining unit. More subsurface data are needed to determine the claystone's lateral extent and thickness in the basin. No evaporite deposits were noted in the claystone, which may indicate the Miocene Nogales basin was not a closed basin; however, evaporites may be preserved at lower stratigraphic levels in axial parts of the basin, like those noted in drill holes in the Tucson basin ( fig. 2) , north of the map area (Houser and others, 2004) .
The Mariposa member is also exposed in the southeastern part of the map area (sheet 1), southeast of highway 82 and north of the international border, where lower parts of the member consist mostly of volcaniclastic, pebble conglomerate and sandstone, and some fine-grained, moderately sorted sandstone. In this area, clasts are mostly subangular, lightbrownish-gray rhyolite that may be derived from an unidentified volcanic source likely in northeastern Nogales, Sonora. The member here also contains small discontinuous basalt flows which are about 2 to 5 m thick, and a sample from one flow dated near the international border yielded a 40 Ar/ 39 Ar geochronology plateau age of 11.67±0.09 Ma (whole rock) ( fig. 6 ; table 1; Cosca and others, 2013) ; this date provides a minimum age for the Nogales Formation. In the basin south of Sonoita Creek and east of the Santa Cruz River, the Mariposa member contains pinkish-gray, alternating beds of volcaniclastic conglomeratic sandstone, sandstone, and some siltstone and claystone ( fig. 19) , like in the Mariposa Road type area, but units are generally thinner bedded and finer-grained than those in the type area, and consist mostly of alternating beds of fine-grained volcaniclastic sandstone, siltstone, and claystone ( fig. 20) . The Mariposa member is this area also contains claystone units similar to those in the Mariposa Road type area, (fig. 21 ), but these units are thinner than those in the type area, range from about 0.5 to 3 m thick, and are generally interbedded with volcaniclastic sandstone beds.
Late Tertiary to Early Pleistocene Basin-Fill Deposits
Basin fill refers to a relatively thin (generally ≤100 m) sequence of alluvial deposits that unconformably overlies a variety of Tertiary strata (including Nogales Formation sediments and the Grosvenor Hills Volcanics), as well as many older bedrock units that are exposed in dissected basins in the western, north-central, and east-central parts of the map area. Basin-fill deposits typically represent the youngest set of aerially extensive sediments that are in turn locally overlain by thin and spatially restricted veneers of ridge-capping and inset Quaternary surficial deposits described elsewhere in this report. Basin-fill deposits consist of a reddish-brown to pinkish-gray, moderately to poorly bedded, and weakly consolidated sequence of interstratified gravelly sand and sandy gravel (figs. 22 and 23). The sediments typically display provenance relations and stratal dips consistent with fan deposition sourced from nearby highland bedrock source terrains. The absence of strongly rotated bedding, faults, or fractures in most exposures of basinfill deposits indicates no significant post-depositional deformation in most of these deposits. The primary exceptions are local outcrops of basal sections of basin fill that exhibit low to moderate structural rotation and widely spaced internal faults and fractures near the traces of exposed basin-bounding faults. Basin fill can generally be distinguished from older sediments of the Nogales Formation by a combination of weaker consolidation, more diffuse and poorly differentiated interbedded sequences of sand and gravel, pinkish gray color, low stratal dips, lack of internal faulting or fracturing, and commonplace development of a subvertical erosional fluting pattern that crosscuts bedding in outcrops (figs. 22 and 23).
The age of basin-fill deposits in the map area is poorly constrained due to the lack of geochronologic age control for the unit. A maximum age constraint is provided by the 11.67 Ma age for basalt flows within the underlying Mariposa member of the Nogales Formation. A minimum age constraint cannot be derived in the map area, but basin-fill deposits that underlie a prominent high, very old, capping gravel deposit immediately north of this map area (Youberg and Helmick, 2001 ) may correlate with a similar high capping gravel fan deposit in upper Sonoita Creek, east of the map area. Menges (1981) and Menges and McFadden (1981) constrained the age of the latter deposit to early Pleistocene. These relations provide a general late Miocene to early Pleistocene age for the basin-fill deposits, with much of the deposition most likely during late Miocene to Pliocene time. This age assignment is consistent with the estimated age ranges of the majority of basin-fill deposits observed in southeastern Arizona (Menges and Pearthree, 1989) .
Basin-fill deposits in the region represent the uppermost sections of alluvial-fan deposits that filled the stratigraphically highest portions of the youngest basins, which correspond to the present day system of basins and ranges in the map area. These deposits typically form a relatively thin sedimentary veneer (thicknesses estimated at 50 to 150 m) that unconformably overlies older rocks in the depositional basins. There is little to no geophysical or borehole data to constrain subsurface accumulations of buried depositional subbasins that exist along and west of the Santa Cruz River in the continuation of the primary basin to the north (Gettings and Houser, 1997). These relations suggest that the youngest basin-forming episode commonly associated with regional basin-range deformation from 13 to 10 Ma (Menges and Pearthree, 1989), did not form to any significant extent in the map area. Instead, basin fill in this area primarily comprises the final thin and variably distributed depositional-fill sequence in the upper parts of a series of exhumed older middle to early Miocene basins filled primarily with members of the Nogales Formation. Apparently, this early basin-forming interval, recorded by members of the Nogales Formation, did not extend significantly into the late Miocene deformational episode that is regionally associated with basin-fill deposits.
Quaternary Alluvium
Quaternary deposits in the map area comprise a relatively thin series of alluvial deposits associated with both piedmont alluvial fans and axial streams and their major tributaries that initially developed during the early Pleistocene, and have continued to form into modern time. The primary drainage is the southern reach of the Santa Cruz River, which forms an axial drainage that traverses two physiographic and depositional basins, and an intervening bedrock narrows. This axial drainage is joined by two major tributary drainages, Sonoita Creek and Nogales Wash (figs. 1 and 2), which themselves drain significant areas outside of the two local basins, and numerous smaller intrabasin tributaries of varying sizes that are spatially restricted to a given basin side-slope and, for the larger tributaries, the adjoining bedrock highlands.
Each of the drainages in this system contains a discrete meandering channel belt made up of multiple, braided to anastomosing subchannels and bars, and flanked by undissected floodplains and low terraces. Some smaller tributaries locally contain small alluvial fans between the dominant channelized reaches. The central lowlands are flanked by dissected valley side-slopes that are underlain by mostly pre-Quaternary basin-fill deposits, and (or) older sedimentary and bedrock units. One or more variously eroded and dissected topographic benches covered by thin deposits of terrace or fan gravels are commonly inset into the valley side-slopes, and record successively older and higher former levels, ranging in age from middle Pleistocene to Holocene. These terrace and fan gravels were deposited during local depositional episodes that periodically interrupted longterm stream downcutting. The interfluve areas between incised tributary valleys within the basin piedmonts are characterized by narrowly rounded ridgecrests, developed on the mostly preQuaternary substrate, but locally are capped by flat to gently rounded alluvial-fan surfaces and associated thin fan deposits of middle to early Pleistocene age.
Quaternary alluvium in the map area typically consists of unconsolidated, poorly to moderately bedded, poorly sorted sandy gravel to gravelly sand. The clasts consist of rounded to subangular pebbles, cobbles, and local small boulders, have rock types that generally reflect adjacent bedrock highlands on local tributaries, and more heterogeneous subregional source terrains on the major axial drainages.
The Quaternary deposits in the map area are associated with and controlled by the upper Santa Cruz River system, which flows northwest out of the map area, and ultimately is integrated with the Gila River and lower Colorado River regional drainages. The final phases of closed-basin aggradation, recorded by the highest stratigraphic and topographic levels of basin-fill deposits (QTa), probably ended sometime prior to the deposition of the oldest (highest) alluvial fan deposits of probable early Quaternary age (Qo) that locally cap the basin-fill deposits. This inference is based on regional correlations with similar deposits in surrounding areas (Menges and McFadden, 1981; Menges and Pearthree, 1989) . Whether these early Pleistocene fan deposits were graded to an externally drained ancestral Santa Cruz River system cannot be determined from geologic relations in the map area. Regardless, the suite of progressively younger (lower) inset terrace and fan deposits indicates a mostly continually downcutting stream system, which, in turn, indicates that the Santa Cruz River system was externally draining at the time of their formation. Each major map unit at a given height range typically displays diagnostic, age-related geomorphic-surface and pedogenic characteristics that can be correlated with deposits and surfaces with similar characteristics throughout the region. This similarity in diagnostic, age-related characteristics suggests regional-scale, climatecontrolled deposition that periodically interrupted the long term, system-wide pattern of drainage incision. The ultimate source and control for this persistent downcutting in the map area does not appear to be related to any specific local Quaternary tectonic events, given the general absence of deformation in Quaternary deposits, other than a few short isolated Quaternary faults and associated scarps in the eastern Santa Cruz River basin to the north of the map area (Helmick, 1986; Pearthree and Calvo, 1987; Youberg and Helmick, 2001 ). Long-term dissection is most likely related to local base levels controlled by progressive integration of formerly isolated local basin drainages that evolved into the present-day externally linked, regional Santa Cruz-Gila River drainage system (Menges and Pearthree, 1989).
Structure
Structural features in the map area primarily formed during early to late Miocene extensional deformation, which included a phase of early Miocene basin extension from 20 to 13 Ma, and main episodes of basin-range extension that occurred in southern Arizona mostly from 13 to 10 Ma (Menges, 1981; Menges and McFadden, 1981; Menges and Pearthree, 1989) . Extensional deformation was broadly contemporaneous with deposition of the Nogales Formation, based on observations that all members of the formation are moderately to highly faulted, with abundant intra-formational faults and fractures, and moderate to steeply inclined bedding dips. The Nogales Wash member is pervasively fractured compared to moderate fracturing in the other two members, because the member is more consolidated and contains more brittle, volcaniclastic sandstone units and less claystone than the other two members. Extensional faulting lasted until late Miocene time in the area based on faults which cut only the very oldest post-Nogales Formation late Miocene basin-fill deposits, and Pliocene through Holocene deposits are undeformed.
The main structural feature in the map area is the Mount Benedict horst block ( fig. 1 ), a zone of uplifted Quartz Monzonite of Mount Benedict (Jurassic) and overlying members of the Nogales Formation. The major fault bounding the east side of the horst block is the Mount Benedict fault, and the west side is bound by several north-to northwest-striking faults that progressively downdrop Jurassic monzonite and Miocene Nogales Formation rocks westward into the subsurface. These faults include the Grand Avenue fault, and several concealed faults to the west (sheet 1) which were mapped based on geophysical data.
The main fault in the map area is the northwest-striking Mount Benedict fault (sheets 1 and 2 A-A′, B-B′, and C-C′; fig. 24 ), originally named and described by Gettings and Houser (1997) . The fault forms the northeast side of the Mount Benedict horst block, and is mostly concealed by surficial deposits along the Santa Cruz River (sheet 1); the fault generally controls the course of the river from the Rio Rico area, southward across the international border and into Sonora, Mexico. The only known exposures of the fault in the map area are northeast of the Santa Cruz River, northwest of Guevavi Canyon, and southeast of Sonoita Creek (sheet 1), where the fault plane strikes about N 40° W and dips about 65° northeast. In this area, the fault downdrops rocks of the Mariposa member of the Nogales Formation against the Quartz Monzonite of Mount Benedict and also some Salero Formation, which unconformably overlies the monzonite locally. Dark-gray dogtooth calcite fills fractures in the fault plane in places, indicating seepage, or discharge from a carbonate source at depth. A concealed strand of the fault is located east of the exposed fault (sheets 1 and 2 B-B′), along the course of the Santa Cruz River. Northward in the Rio Rico area, the fault is concealed and forms the western margin of the Rio Rico basin ( fig. 1) , and it projects northwestward into the adjacent Peña Blanca Lake and Tubac quadrangles ( fig. 2) . Our reconnaissance mapping indicates the fault is also exposed in the adjacent Cumero Canyon quadrangle, southeast of the intersection of State Highway 82 and the Santa Cruz River (fig. 2) . In this area, the fault juxtaposes red arkosic conglomerate of the Proto Canyon member in the footwall against pinkish-to yellowish-gray volcaniclastic sandstone of the Mariposa member in the hanging wall. Like many other extensional faults in the Basin and Range Province, the northwest-striking Mount Benedict fault is likely a reactivated older structure that had a long complex history; northweststriking faults formed in the region during the Mesoproterozoic, Late Triassic, and during late Miocene basin and range extension (Drewes, 1980) . The Gold Hill fault (sheets 1 and 2 C-C′ and D-D′) was originally mapped by Simons (1974) . It strikes north, and dips 65° west, and terminates against the Mount Benedict fault at its northern end. Along its northern segment, the fault cuts the Quartz Monzonite of Mount Benedict, but southward, the fault downdrops rocks of the Proto Canyon member of the Nogales Formation against Jurassic monzonite. At its southernmost end, the Gold Hill fault loses throw where it offsets units of the Proto Canyon member, and then it becomes concealed and likely terminates beneath an east-west-trending wash, east of Mariposa Road and Grand Avenue (sheet 1).
The Grand Avenue fault (named here) is a newly mapped fault (sheet 1; fig. 25 ) concealed along much of its trace. At its southern end, the fault strikes northeast and is 2 F-F′) ; north of the canyon, the fault is concealed, but it separates isolated outcrops of the Mariposa member on the downthrown side from rocks of the Nogales Wash member on the upthrown side (sheet 1). The only presently known exposures of the fault are just south of Mariposa Road and west of Grand Avenue (sheet 1 and fig. 25 ), where it strikes about N. 30° E. and dips 60° northwest, and juxtaposes massive claystone of the Mariposa member in the hanging wall against volcaniclastic sandstone of the Nogales Wash member in the footwall (sheet 2, E-E′). Slickenlines on the fault plane trend N. 70° W. and plunge 56° NW, indicating latest movement on the fault was mostly dip-slip. North of Mariposa Road, the fault bends northwestward (sheet 1), and juxtaposes volcaniclastic sandstone and conglomerate of the Mariposa member in the hanging wall, against volcaniclastic sandstone of the Proto Canyon member in the footwall (sheet 2, D-D′). Farther north, the Grand Avenue fault is concealed (sheet 1), and hanging wall rocks of the Mariposa and Proto Canyon members in the subsurface are interpreted (based on geophysical modeling) to be progressively downdropped northward against the Quartz Monzonite of Mount Benedict in the footwall (sheet 2, B-B′ and C-C′), indicating significant westside down offset. At its northern end, the Grand Avenue fault terminates at the Mount Benedict fault (sheet 1), similar to the Gold Hill fault. Several other faults are mapped west of the Grand Avenue fault, and these faults are concealed and were interpreted based on airborne transient electromagnetic (TEM) data and other geophysical data. The Grand Avenue fault and faults to the west together form a complex graben system in the subsurface of the western part of the map area (sheets 1 and 2, C-C′).
The Proto Canyon fault (sheets 1 and 2, D-D′, E-E′, and F-F′) parallels Proto Canyon along State Highway 82, where it strikes about N. 45° E. and dips southeast, and offsets rocks in the lower part of the Proto Canyon member. In the Proto Canyon area, the fault downdrops cliff-forming, cyclic units in the lower part of the member ( fig. 10 ) in the hanging wall, against arkose conglomerate and sandstone ( fig. 9 ) in the basal parts of the Proto Canyon member in the footwall. From Proto Canyon northeastward, the fault eventually cuts out the arkose units, and downdrops the cyclic, cliff-forming units against the Quartz Monzonite of Mount Benedict near the eastern edge of the map area (sheet 1). The southern segment of the Proto Canyon fault offsets rocks mostly of the Nogales Wash and Mariposa members (sheet 1), and it extends southward into Mexico. The Yerba Buena Canyon fault (sheet 1) is subparallel to the Proto Canyon fault, and is also down to the southeast. Like the Proto Canyon fault, it offsets units mostly of the Proto Canyon member along its northern segment, and offsets the Mariposa and Nogales Wash members along its southern segment, where it extends southward into Mexico.
In the northwestern part of the map area, faults bound the west and east flanks of the San Cayetano Mountains to form a horst block (sheets 1 and 2, A-A′). The Rio Rico fault (named here) is the range-front fault on the west flank of the San Cayetano Mountains, and is down-to-the-west where it forms the eastern margin of the Rio Rico basin ( fig. 1 ). The fault is exposed at several locations; at the southernmost location, the fault juxtaposes post-Nogales Formation basin fill (unit QTa) in the hanging wall against rocks of the Salero Formation in the footwall, and strikes about N. 35° W. and dips 70° southwest (sheet 1). Northward along the Rio Rico fault, Tertiary rhyolitic intrusive rocks in the hanging wall are juxtaposed against mostly sedimentary rocks of the Salero Formation in the footwall; these latter rocks compose most of the high ridge of the San Cayetano Mountains.
The San Cayetano fault of Drewes (1972) 
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Summary
The objectives of mapping the Rio Rico and Nogales 1:24,000-scale quadrangles were to define the geologic framework to support ongoing multidisciplinary USGS projects in the Nogales area, including the Tucson Water Science Center Transboundary Aquifer Act Project, U.S.-Mexico Border Environmental Health Initiative, and the assessment of concealed porphyry copper deposits in the area. This work will also provide important information for other agencies investigating flood hazards and water storage in the Nogales Wash and Santa Cruz River areas, and for studies detecting and predicting the location of illegal smuggling tunnels beneath the international border.
The oldest rocks in the quadrangle include the Quartz Monzonite of Mount Benedict of Late to Middle Jurassic age. These rocks are highly deformed and are intruded by numerous mostly northwest-trending diorite and diabase dikes, and they form a confining unit below the Miocene Nogales Formation and Tertiary through Quaternary deposits in the map area.
The Upper Cretaceous Salero Formation (about 72 to 69 Ma) unconformably overlies the Quartz Monzonite of Mount Benedict along the Santa Cruz River, southeast of Rio Rico. Most of the unit in that area consists of thick-bedded, wellconsolidated conglomerate and sandstone, with clasts of silicic volcanic rocks and some granite. The Salero Formation forms the high ridge of the San Cayetano Mountains on the north edge of the map area, where it consists chiefly of conglomerate, sandstone, argillite and quartzite, intruded by abundant west-to northwest-trending latite dikes and plugs of Tertiary age.
The Grosvenor Hills Volcanics (Drewes, 1968) are exposed north of Sonoita Creek and east of the San Cayetano Mountains, and consist mostly of rhyolite and rhyodacitic tuff, vitric lithic tuff, agglomerate, flow breccia, and latite tuff. We follow Drewes (1972) and subdivide the Grosvenor Hills Volcanics into middle rhyolite and upper rhyodacite members; the basal silt and gravel member is not exposed in the map area. Our new argon geochronology reveals some units in the upper rhyodacite member are significantly younger than previously interpreted and are from about 27 to 23 Ma.
Our new mapping and supporting geochronologic, geophysical, and hydrogeologic studies resulted in significant stratigraphic revision of the Nogales Formation, and we defined three new informal members, including (from base to top) the Proto Canyon, Nogales Wash, and Mariposa members; all three members are separated by unconformities. New Ar geochronology indicates the maximum age of the formation is about 20 to 18 Ma, and the minimum age is about 11 Ma; the minimum age is based on whole-rock dates from basalt flows in the Mariposa member near the international border (11.67 Ma; Cosca and others, 2013) .
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Ar/ 39 Ar geochronology analyses of detrital grains from the Nogales Formation range in age from 28 to 23 Ma, and correspond to the provenance of detrital material from the Grosvenor Hills Volcanics. The Proto Canyon member consists of basal debrisflow conglomerate and arkose sandstone and conglomerate; a lower cliff-forming part consisting mostly of fluvial, cyclic, fining-upward sequences; a middle part consisting of alternating beds of volcaniclastic conglomerate, arkosic conglomerate, and sandstone and claystone; and an upper part containing volcaniclastic conglomeratic sandstone and sandstone. The Nogales Wash member is exposed in the southern part of the map area, where it consists of massive, cliff-forming volcaniclastic sandstone and conglomeratic sandstone in the basal part, and ledge-forming, alternating beds of thin-to thickbedded, volcaniclastic sandstone and conglomeratic sandstone in the upper part. Units of the Nogales Wash member are pervasively fractured and faulted, contain abundant pumice fragments, and generally lack claystone units unlike the other two members of the formation. The Mariposa member consists of alternating beds of calcareous, volcaniclastic conglomeratic sandstone, sandstone, siltstone, and claystone. Basalt flows dated at 11.67 Ma are in the lower parts of the member near the international border, and this age constrains the minimum age of the Nogales Formation at about 11 Ma. Massive claystone units of the member in the Mariposa Road area represent playa deposits in an axial basin facies of the member and may be significant confining units.
Major episodes of extensional deformation were contemporaneous with deposition of the Nogales Formation as indicated by the observation that all units of the formation are moderately to highly faulted, with abundant intraformational faults and fractures, and moderate to steeply inclined bedding dips. Extensional faulting lasted until latest Miocene time based on faults which cut only the very oldest post-Nogales Formation, late Miocene basin-fill deposits; Pliocene through Holocene basin-fill deposits exposed in the map area are undeformed. The main structural feature in the map area is the Mount Benedict horst block, a zone consisting of uplifted Jurassic Quartz Monzonite of Mount Benedict and overlying units of the Nogales Formation. The major fault in the map area is the Mount Benedict fault bounding the east side of the horst block, and it controls the location of the course of the Santa Cruz River from the Rio Rico area, southward into Mexico. The fault is exposed northwest of Guevavi Canyon and southeast of Sonoita Creek where it dips northeast and offsets rocks of the Jurassic monzonite and overlying Salero Formation in the footwall, against the Mariposa member of the Nogales Formation in the hanging wall.
The Grand Avenue fault is a newly mapped fault that forms the west side of the Mount Benedict horst block. The fault is exposed just south of Mariposa Road and west of Grand Avenue where it strikes northeast and dips northwest, and slickenlines on the fault plane indicate the sense of movement was mostly dip-slip. The southern part of the fault juxtaposes rocks of the Nogales Wash member against those of the Mariposa member of the Nogales Formation, but northward, rocks of the Mariposa member are faulted against those of the Proto Canyon member and the Quartz Monzonite of Mount Benedict. Several other concealed faults are mapped west of the Grand Avenue fault, and these faults were interpreted from airborne transient electromagnetic and other geophysical data. The Grand Avenue fault and concealed faults to the west form a complex graben system in the subsurface in the western part of the map area.
The newly mapped Proto Canyon fault parallels Proto Canyon along State Highway 82, where it strikes northeast, is down to the southeast, and mainly offsets rocks of the Proto Canyon member. Farther south, it offsets the Nogales Wash and Mariposa members and extends southward into Mexico. The Yerba Buena Canyon fault is subparallel to the Proto Canyon fault, and like the Proto Canyon fault, it is down to the southeast and offsets rocks of the Proto Canyon member to the north and the Nogales Wash and Mariposa members to the south where it extends into Mexico.
Major faults in the northern part of the map area bound the west and east flanks of the San Cayetano Mountains to form a horst block. The Rio Rico fault is the range-front fault on the west flank of the mountains; it is down to the west and forms the east margin of the Rio Rico basin. The fault juxtaposes lower basin-fill units (late Miocene) in the hanging wall against rocks of the Salero Formation in the footwall. The San Cayetano fault on the east side of the San Cayetano Mountains downdrops rocks-mostly of the Nogales Formation and Grosvenor Hills Volcanics in the hanging wall-against Salero Formation in the footwall. At its southern end, the San Cayetano fault offsets rocks of the Mariposa member of the Nogales Formation, and then terminates at the Mount Benedict fault. 
